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Gallbladder carcinoma (GBC) represents the most common and aggressive type of biliary tree cancers worldwide;[1](#cas13236-bib-0001){ref-type="ref"} however, approaches to the treatment of GBC still face enormous challenges, because the average survival of GBC patients from the time of diagnosis is only several months.[2](#cas13236-bib-0002){ref-type="ref"} This poor prognosis is partially due to the aggressive biological behavior of GBC and a lack of an efficient systemic therapy.[3](#cas13236-bib-0003){ref-type="ref"} Therefore, discovering an effective method to diagnose and treat GBC has become increasingly urgent.

Apoptosis, an important process of programmed cell death, plays a vital role in regulating the dynamic balance between cell survival and cell death to maintain homeostasis.[4](#cas13236-bib-0004){ref-type="ref"} Insufficient cell death may threaten tissue homeostasis and result in tumor formation and progression.[5](#cas13236-bib-0005){ref-type="ref"} Because tumors often possess the ability to suppress pro‐apoptotic signaling, there is a need to identify key molecules that participate in the process. The inhibitor of apoptosis proteins (IAP) are a family of proteins characterized by the presence of one or more baculoviral IAP repeat (BIR) domains in the N‐terminus[6](#cas13236-bib-0006){ref-type="ref"}, [7](#cas13236-bib-0007){ref-type="ref"} and, as their name suggests, were originally identified as modulators of caspase function to inhibit apoptosis.[8](#cas13236-bib-0008){ref-type="ref"}, [9](#cas13236-bib-0009){ref-type="ref"} However, recent literature suggests that IAP also perform a wider variety of functions, such as regulation of tumor migration and metastasis, which has garnered increasing attention.[10](#cas13236-bib-0010){ref-type="ref"}, [11](#cas13236-bib-0011){ref-type="ref"}, [12](#cas13236-bib-0012){ref-type="ref"}, [13](#cas13236-bib-0013){ref-type="ref"}

Cellular inhibitor of apoptosis 2 (cIAP2) is one of the most extensively characterized of the human IAP, and several studies have described the overexpression of cIAP2 in different tumor types;[14](#cas13236-bib-0014){ref-type="ref"}, [15](#cas13236-bib-0015){ref-type="ref"}, [16](#cas13236-bib-0016){ref-type="ref"} however, no research has been conducted regarding the expression level of cIAP2 in human GBC. Currently, the mechanism of cIAP2 in tumor invasion and lymphangiogenesis is unclear; furthermore, several studies have offered contradictory findings about the prognostic implications for IAP in different types of cancer. There have been reports showing that in patients with non‐small cell lung cancer or renal cell carcinoma, elevated levels of IAP correspond to a positive prognosis;[17](#cas13236-bib-0017){ref-type="ref"}, [18](#cas13236-bib-0018){ref-type="ref"} however, other reports have shown that overexpression of IAP is associated with a negative prognosis in patients with breast cancer or cervical squamous cell carcinoma.[19](#cas13236-bib-0019){ref-type="ref"}, [20](#cas13236-bib-0020){ref-type="ref"} These conflicting reports strongly suggest that the prognostic implications of IAP are tumor type‐dependent. What remains unclear is the prognostic implication of cIAP2 in patients with GBC.

The nuclear factor‐kappaB (NF‐κB) pathway is involved in a broad range of biological activities, including cell inflammation, survival and apoptosis.[21](#cas13236-bib-0021){ref-type="ref"}, [22](#cas13236-bib-0022){ref-type="ref"} Moreover, NF‐κB activation can directly promote tumor survival and metastasis.[23](#cas13236-bib-0023){ref-type="ref"}, [24](#cas13236-bib-0024){ref-type="ref"} A recent study demonstrated a role of IAP‐mediated regulation of non‐canonical NF‐κB signaling in modulating the migration and invasion of glioblastoma cells in a preclinical tumor model.[25](#cas13236-bib-0025){ref-type="ref"} However, much uncertainty still exists about the relationship between cIAP2 and the NF‐κB pathway in human GBC.

In the present study, we showed that cIAP2 expression was elevated in human GBC and was correlated with a negative prognosis for patients. Moreover, cIAP2 was identified as a lymphangiogenic factor of GBC cells and, thus, promoted lymph node metastasis in GBC cells. Our study is the first to demonstrate that cIAP2 may participate in TNF‐α‐induced NF‐κB activation.

Material and Methods {#cas13236-sec-0002}
====================

Tissue samples and cell lines {#cas13236-sec-0003}
-----------------------------

In the present study, 44 GBC tissues and matched non‐tumor tissues were obtained from patients who were admitted to Fujian Medical University Union Hospital in China and provided written informed consent prior to surgical resection. The samples were collected based on a protocol approved by the Ethics Committee of the Medical Faculty of Fujian Medical University in accordance with the Declaration of Helsinki. All of the tumors were confirmed as GBC by the Clinicopathology Department. The human GBC cell lines NOZ (obtained from the Health Science Research Resources Bank in Japan) and SGC‐996 (provided by the Tumor Cytology Research Unit, Medical College, Tongji University, China) were maintained in DMEM (Gibco, USA) supplemented with 10% FBS (Gibco, GrandI Island, NY, USA). Human dermal lymphatic endothelial cells (HDLEC, purchased from ScienCell, San Diego, California, USA) were incubated in endothelial cell medium (ScienCell).

Quantitative real‐time polymerase chain reaction {#cas13236-sec-0004}
------------------------------------------------

Total RNA was extracted from the GBC tissues with TRIzol reagent (Life Technologies, Gaithersburg, MD, USA) and was reverse transcribed using the RevertAid First Strand cDNA Synthesis Kit (Roche, Basel, Switzerland). PCR was performed with Fast Start Universal SYBR Green Master Mix (Roche, Basel, Switzerland), and the fluorescence was measured using an ABI 7500 Real‐Time System (Applied Biosystems, Life Technologies) following the manufacturer\'s instructions, with GAPDH as an internal control. The data were analyzed using the −ΔΔCt method.

Immunohistochemistry {#cas13236-sec-0005}
--------------------

Immunohistochemistry was performed as previously described.[26](#cas13236-bib-0026){ref-type="ref"} Primary antibodies specific for cIAP2 (1:400, R&D Systems) were incubated with the sections overnight at 4°C. Images of five random fields per section were obtained under a light microscope (Olympus, Tokyo, Japan). The expression level of cIAP2 was evaluated by semiquantitatively analyzing cIAP2 expression using the following equation: Mean Optical Density (MOD) = Integral Optical Density (IOD)/Positive Area. All image analyses were conducted using Image‐Pro Plus 6.0 software (Media Cybernetics, Rockville, MD, USA).

Small interference RNA, short hairpin RNA and transfection {#cas13236-sec-0006}
----------------------------------------------------------

Two siRNA targeting the human cIAP2 sequence (GenBank accession number: NM‐001165) were purchased from GenePharma (Shanghai, China). Transfection of siRNA was performed in Opti‐MEM medium (Life Technologies) using Lipofectamine 2000 (Life Technologies).[27](#cas13236-bib-0027){ref-type="ref"} Then, synthesized short hairpin RNA oligonucleotides targeting cIAP2 (LV‐shcIAP2) and negative control short hairpin RNA oligonucleotides (LV‐shNC) were annealed and ligated into the pGLVH1/GFP/Puro plasmid. The lentiviral vectors were used to infect GBC cells, after which 2 weeks of puromycin treatment was used to select for stably infected cells.

Cell proliferation assay {#cas13236-sec-0007}
------------------------

The proliferative ability of the cells was assayed using the Cell Counting Kit‐8 (CCK‐8) assay according to the manufacturer\'s instructions (Dojindo Laboratories, Kumamoto, Japan). Briefly, cells were seeded at 2.5 × 10^3^/well in 96‐well plates and medium was changed every other day. At 24, 36, 48, 60 and 72 h post‐transfection, the cells were treated with CCK‐8 solution reagent (10 μL) for 2 h, and the proliferative rate was measured using a plate reader at 450 nm (Bio‐Rad, Hercules, CA, USA). All conditions were performed in triplicate.

Cell invasion assay {#cas13236-sec-0008}
-------------------

The cell invasion ability was assayed using Transwells (24‐well format) with 8‐μm polycarbonate membranes (Millipore, Washington, DC, USA). Briefly, the sides of the membrane in the upper chamber were coated with Matrigel (20 μg/well) (BD Biosciences, Lake Franklin, NJ, USA) and then air‐dried for 2 h at 37°C. Cells that passed through the membranes were fixed and stained with crystal violet. The number of cells on the lower surface of the membrane was counted in five random fields (400×) using a bright field light microscope. Each condition was repeated in triplicate.

Tube formation assay {#cas13236-sec-0009}
--------------------

The tube formation assay was performed as previously described by Zeng *et al*.[28](#cas13236-bib-0028){ref-type="ref"} Briefly, 7.5 × 10^3^/well of GBC cells and 7.5 × 10^3^/well of HDLEC (labeled with DiI) were seeded into the same Matrigel‐coated well (10 μg/well) of a microwell‐plate (ibidi, Martinsried, Germany). Tube formation of HDLEC was observed using inverted fluorescence microscopy (Nikon, Japan), and images were digitally captured at 1, 3, 5, 8 and 24 h after cell seeding. The total number of tube‐like structures formed in each well was measured using AxioVision Rel 4.1 software (Carl Zeiss AG, Jena, Germany).

Dual‐luciferase reporter assay {#cas13236-sec-0010}
------------------------------

Gallbladder cancer cell lines (3 × 10^5^/well in 12‐well plates) were transfected with reporter plasmids encoding 5× NF‐κB‐luc (60 ng) and pEF‐Renilla‐luc (10 ng) either with or without the indicated siRNA using Lipofectamine 2000. After 20 h, the cells were treated with TNF‐α (20 ng/mL) for 15 min,[29](#cas13236-bib-0029){ref-type="ref"} cell lysates were prepared, and luciferase activity was measured using a Dual‐Luciferase Assay Kit (Promega, Madison, WI, USA).

Immunofluorescence staining {#cas13236-sec-0011}
---------------------------

Cell lines were plated on coverslips in 6‐well culture plates and incubated for 24 h. The cells were then washed, fixed, permeabilized, blocked and stained using an antibody against NF‐κB (p65). Images were observed under a fluorescence microscope (Nikon, Japan).

Western blotting {#cas13236-sec-0012}
----------------

Western blotting analysis was performed as previously described.[30](#cas13236-bib-0030){ref-type="ref"} Anti‐human cIAP2 was obtained from R&D Systems (Minneapolis, MN, USA), anti‐human IκBα was purchased from Santa Cruz (Santa Cruz, CA, USA), anti‐human NF‐κB (p65) was acquired from Cell Signaling Technology (Danvers, MA, USA), and anti‐human VEGF‐C was obtained from Abcam (Cambridge, UK). GAPDH and histone H3 were used as protein markers for the cytosolic and nuclear fractions, respectively.

ELISA {#cas13236-sec-0013}
-----

The concentration of VEGF‐C in the cell culture medium was assessed by using double antibody sandwich ELISA with a Quantikine ELISA Kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer\'s instructions. The wells were read by a plate reader at 450 nm (Bio‐Rad, Hercules, CA, USA), and each condition was performed in triplicate.

Establishment of an orthotopic xenograft model {#cas13236-sec-0014}
----------------------------------------------

Male athymic BALB ⁄c nude mice (4--6 weeks old) were obtained from SLACCAS (Shanghai, China). Thirty‐six nude mice were randomized into 6 groups with 6 mice in each group: an untreated group (NOZ and SGC‐996 cells), the LV‐shNC group (NOZ and SGC‐996 cells) and the LV‐shcIAP2 group (NOZ and SGC‐996 cells). After anesthesia, approximately 4 × 10^5^ GBC cells (10 μL) were mixed with Matrigel (10 μL). The gallbladder was exposed via abdominal midline incision, and the bile in the gallbladder was extruded. Then, 20 μL of the Matrigel cell suspension was slowly injected into the gallbladder with a 29G insulin syringe (BD, Research Triangle Park, North Carolina, USA). The syringe was withdrawn from the gallbladder when the cell suspension became white because of solidification. Four weeks later, the mice were killed by exposure to CO~2~ and primary tumors were dissected and excised.

Counting of lymphatic vessel {#cas13236-sec-0015}
----------------------------

The lymph vessels of GBC specimens were detected by IHC. The primary antibody used in the nude mouse specimens was a goat anti‐mouse LYVE‐1 polyclonal antibody (R&D Systems, Minneapolis, MN, USA). Sections were first examined at low magnification (100×) to identify areas with the most intense staining and the highest density of microvessel (hotspot).[31](#cas13236-bib-0031){ref-type="ref"} Three areas of hotspots were selected by three pathologists who independently evaluated the slides for microvessel counting using 400× magnification, without the knowledge of section identities. In the absence of hotspots, five randomly‐selected areas were counted. The largest number of vessels counted was recorded and used in the statistical analysis.

Statistical analysis {#cas13236-sec-0016}
--------------------

The results were presented as the means ± SD. Statistical analyses were performed with SPSS software (version 17.0) (using Fisher\'s exact test for quantitative data, a *t*‐test for comparing means between two groups, and a one‐way analysis of variance for comparing means among multiple groups). *P* \< 0.05 was considered statistically significant.

Results {#cas13236-sec-0017}
=======

cIAP2 expression is upregulated in gallbladder cancer tissues {#cas13236-sec-0018}
-------------------------------------------------------------

To investigate whether the mRNA expression levels of cIAP2 were increased in GBC, we performed quantitative RT‐PCR (qRT‐PCR) in RNA extracted from GBC tissues and matched non‐tumor tissues from 44 GBC patients. The data are shown as the −ΔΔCt values (Fig. [1](#cas13236-fig-0001){ref-type="fig"}a) and the 2^−ΔCt^ values (Fig. [1](#cas13236-fig-0001){ref-type="fig"}b) and indicate that the average expression levels of cIAP2 were significantly upregulated in GBC tissues compared with matched non‐tumor tissues. To further assess the protein expression of cIAP2 in GBC, IHC was performed and showed that cIAP2 was weakly present in the cytoplasm of normal gallbladder mucosa cells under microscopy (Fig. [1](#cas13236-fig-0001){ref-type="fig"}c); however, a much stronger signal was detected in the GBC tissues (Fig. [1](#cas13236-fig-0001){ref-type="fig"}d). The cIAP2 levels in the GBC tissues (0.2854 ± 0.0061) were significantly higher than those in the matched non‐tumor gallbladder tissues (0.1722 ± 0.0084, *P* \< 0.001; Table [1](#cas13236-tbl-0001){ref-type="table-wrap"}). Together, these results provide strong evidence that cIAP2 is significantly upregulated in GBC tissues.

![cIAP2 expression is elevated in human gallbladder cancer (GBC) tissues and correlates with a poor prognosis. (a) The relative mRNA expression levels of cIAP2 in GBC and matched non‐tumor surgical specimens were measured by quantitative RT‐PCR. The data are shown as the −ΔΔCt values. (b) The mean and standard deviation of the cIAP2 expression levels in GBC and matched non‐tumor gallbladder surgical specimens. The data are shown as the 2^−ΔCt^ values. (c) Weak cIAP2 protein expression was detected in the cytoplasm of normal gallbladder mucosa cells (200×). (d) GBC tissues exhibited strong cIAP2 protein expression (200×). (e) The overall survival rate of patients with elevated cIAP2 expression was significantly lower than that of patients with low cIAP2 expression (\*\**P* \< 0.01).](CAS-108-1144-g001){#cas13236-fig-0001}

###### 

IHC of cIAP2 expression in gallbladder cancer (GBC) tissues and normal tissues

                              *N*   cIAP2 expression (MOD ± SD)   *t‐*value   *P*
  --------------------------- ----- ----------------------------- ----------- ---------
  GBC tissues                 40    0.2854 ± 0.0061               10.87       \<0.001
  Matched non‐tumor tissues   40    0.1722 ± 0.0084                           
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Correlation between cIAP2 expression and gallbladder cancer clinicopathological parameters {#cas13236-sec-0019}
------------------------------------------------------------------------------------------

We next analyzed whether there was any association between cIAP2 expression and the clinicopathological characteristics of GBC patients. The correlations between the mRNA expression levels of cIAP2 and selected clinicopathological variables are summarized in Table [2](#cas13236-tbl-0002){ref-type="table-wrap"}. We found a significant relationship between high cIAP2 mRNA levels and lymph node metastasis (*P* \< 0.05); otherwise, no significant correlations were observed between cIAP2 levels and the studied clinicopathological characteristics.

###### 

Correlation between the clinicopathological characteristics and mRNA expression of cIAP2 in 44 patients

  Clinicopathologic variables   *n*   cIAP2 expression (2^‐ΔΔCT^)   *X* ^2^‐value   *P*‐value   
  ----------------------------- ----- ----------------------------- --------------- ----------- ---------
  Sex                                                                                           
  Male                          10    2                             8               0.566       0.452
  Female                        34    11                            23                          
  Age                                                                                           
  ≤65 years                     20    5                             15              0.364       0.546
  \>65 years                    24    8                             16                          
  Tumor site                                                                                    
  Bottom                        25    9                             16              1.159       0.282
  Corporis and other            19    4                             15                          
  Tumor size                                                                                    
  ≤2 cm                         24    7                             17              0.004       0.952
  \>2 cm                        20    6                             14                          
  Pathological type                                                                             
  Adenocarcinoma                38    12                            26              1.354       0.866
  Squamous carcinoma            2     0                             2                           
  Mucinous adenocarcinoma       3     1                             2                           
  Adenosquamous carcinoma       1     0                             1                           
  Differentiation degree                                                                        
  G1 (high)                     10    3                             7               0.730       0.768
  G2 (moderate)                 20    7                             13                          
  G3 (poor)                     14    3                             11                          
  Nevin stage                                                                                   
  S1--S2                        18    5                             13              0.046       0.831
  S3--S5                        26    8                             18                          
  Invasion depth                                                                                
  Serosal invasion (−)          17    6                             11              0.440       0.507
  Serosal invasion (+)          27    7                             20                          
  Lymph node metastasis                                                                         
  (−)                           21    7                             14              13.227      0.001\*
  (+)                           23    6                             17                          
  Liver invasion                                                                                
  (−)                           30    9                             21              0.009       0.923
  (+)                           14    4                             10                          
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Survival analysis and prognostic significance of cIAP2 expression in gallbladder cancer {#cas13236-sec-0020}
---------------------------------------------------------------------------------------

A survival analysis was conducted using Kaplan--Meier curves for general survival. The overall survival rate of patients with elevated cIAP2 expression was significantly lower than that of patients with lower cIAP2 expression (*P* = 0.0377, Fig. [1](#cas13236-fig-0001){ref-type="fig"}e). Compared to the low‐expression group, the 2‐year overall survival rate of the high‐expression group was profoundly lower (64.3 *vs* 16.7%, respectively).

Knockdown of cIAP2 mRNA and protein expression in gallbladder cancer cell lines using RNAi {#cas13236-sec-0021}
------------------------------------------------------------------------------------------

An RNAi‐mediated method was used to knock down cIAP2 and identify the biological effects of cIAP2 in GBC cell lines. DNA sequencing results verified that two cIAP2 siRNA plasmids (cIAP/siRNA‐1 and cIAP/siRNA‐2) were successful in knocking down cIAP2 mRNA levels. We used qRT‐PCR and western blotting to determine the cIAP2 levels at 48 and 72 h, respectively, after transfection of the siRNA plasmids into NOZ and SGC‐996 cells. qRT‐PCR revealed a decrease in cIAP2 mRNA levels in siRNA‐transfected cells, and the western blot results showed that both cIAP/siRNA‐1 and cIAP/siRNA‐2 could effectively knock down the protein expression of cIAP2 compared with the NC/siRNA and wild‐type (untreated) cells. As shown in Figure [2](#cas13236-fig-0002){ref-type="fig"}(a,b), cIAP/siRNA‐2 cells showed more effective knock down of cIAP2 protein expression than the cIAP/siRNA‐1 cells. Next, we used a lentiviral vector (pGPU6/GFP/Neo) expressing the cIAP/siRNA‐2/shRNA construct (LV‐shcIAP2) as well as a control vector containing a non‐targeting sequence (LV‐shNC) to establish cells that stably expressed shRNA for cIAP2 knockdown or a control shRNA, respectively (Fig. [2](#cas13236-fig-0002){ref-type="fig"}c). As shown in Figure [2](#cas13236-fig-0002){ref-type="fig"}(d,e), the protein levels of cIAP2 in the LV‐shcIAP2 cells were sharply decreased relative to those in the wild‐type and LV‐shNC cells (\*\**P* \< 0.001). These stably transduced cells were used for subsequent pathway experiments.

![RNAi was used to knock down cIAP2 expression in GBC cells. (a) The expression of cIAP2 protein in NOZ and SGC‐996 cells was suppressed by siRNA targeted to cIAP2. (b) The relative expression of cIAP2 in NOZ and SGC‐996 cells transfected with cIAP/siRNA‐2 oligos was significantly reduced compared with untreated cells and cells transfected with NC/siRNA. (c) Construction of NOZ and SGC‐996 cells stably expressing green fluorescent protein and either shRNA targeting cIAP2 (LV‐shcIAP2; produces the cIAP/siRNA‐2 sequence) or a non‐specific shRNA (LV‐shNC). (d) cIAP2 expression in NOZ and SGC‐996 cells stably transduced with LV‐shcIAP2 or LV‐shNC was analyzed by western blotting. (e) The protein levels of cIAP2 in NOZ and SGC‐996 cells stably transduced with LV‐shcIAP2 were significantly decreased relative to the levels in untreated and LV‐shNC cells.](CAS-108-1144-g002){#cas13236-fig-0002}

Knockdown of cIAP2 affects gallbladder cancer proliferation {#cas13236-sec-0022}
-----------------------------------------------------------

To demonstrate whether cIAP2 promotes GBC cell proliferation, we first transfected NOZ and SGC‐996 cells with siRNA (cIAP/siRNA‐1 and cIAP/siRNA‐2) to induce the downregulation of cIAP2 gene expression with NC/siRNA and untreated cells used as controls. We tested the proliferative rate using the CCK‐8 assay and observed that cell proliferation in the cIAP/siRNA‐1 and cIAP/siRNA‐2 groups was slower compared to that of the NC/siRNA cells, which was the same as the growth of the untreated cells (Fig. [3](#cas13236-fig-0003){ref-type="fig"}a). These data support the notion that cIAP2 affects the proliferation of GBC cells.

![Knockdown of cIAP2 can strongly decrease the malignant biological characteristics of gallbladder cancer (GBC) cells. (a) Knockdown of cIAP2 inhibited the proliferation of GBC cells. NOZ and SGC‐996 cells were transfected with either siRNA targeting cIAP2 or NC/siRNA, and the cell growth rates were determined using the CCK‐8 assay. The results are presented as the means ± standard deviation (SD) of three independent experiments. (b,c) cIAP2 regulated the invasiveness of GBC cells. Crystal violet‐stained images show the number of cells that penetrated the porous membrane. The statistical results are based on three independent experiments. (d,e) cIAP2 regulated tube formation of human dermal lymphatic endothelial cells (HDLEC). DiI‐labelled HDLEC (red fluorescence) were co‐cultured with either NOZ or SGC‐996 cells and subsequently treated with TNF‐α (20 ng/mL) for 5 h. Tube formation was observed using fluorescence microscopy, and the number of tubes was counted (\**P* \< 0.05; \*\**P* \< 0.01).](CAS-108-1144-g003){#cas13236-fig-0003}

Knockdown of cIAP2 influences gallbladder cancer invasiveness {#cas13236-sec-0023}
-------------------------------------------------------------

To determine whether the invasiveness of GBC cells depends on cIAP2, we used a Transwell assay to determine the effects of cIAP2 gene knockdown in GBC cells. After staining the migratory cells with crystal violet, five different fields (400×) were counted to examine the numbers of invaded cells. The total number of cells in the cIAP/siRNA‐1 and cIAP/siRNA‐2 groups that invaded through the Transwell polycarbonate filter was markedly lower than the number of infiltrating cells in the untreated group and the NC/siRNA group (Fig. [3](#cas13236-fig-0003){ref-type="fig"}b,c), both of which were similar. These data suggest that cIAP2 plays a key role in the invasive ability of GBC cells.

Role of cIAP2 in tube formation of human dermal lymphatic endothelial cells *in vitro* {#cas13236-sec-0024}
--------------------------------------------------------------------------------------

To observe the role of cIAP2 in the lymphangiogenesis of GBC, we used a 3‐D co‐culture system in which NOZ or SGC‐996 cells and HDLEC were cultured together to observe the role of cIAP2 in the ability of HDLEC to form tubes. As shown in Figure [3](#cas13236-fig-0003){ref-type="fig"}(d,e), the greatest number of tubes was observed at 5 h after cell seeding, and the tube formation ability of HDLEC was obviously decreased in the cIAP/siRNA‐1 and cIAP/siRNA‐2 groups of NOZ or SGC‐996 cells.

Knockdown of cIAP2 reduces TNF‐α‐induced NF‐κB activation {#cas13236-sec-0025}
---------------------------------------------------------

Previous studies have indicated that the NF‐κB signaling pathway plays a critical role in tumor cell progression.[32](#cas13236-bib-0032){ref-type="ref"} Currently, three recognizable pathways are known to NF‐κB activation: the canonical, non‐canonical and atypical IKK‐independent pathways.[33](#cas13236-bib-0033){ref-type="ref"} Our laboratory has reported that canonical TNF‐α‐induced NF‐κB activation promotes the lymphangiogenesis of GBC.[34](#cas13236-bib-0034){ref-type="ref"} These observations prompted us to examine whether cIAP2 is required for TNF‐α‐induced NF‐κB activation. First, we used a dual‐luciferase reporter system to measure the impact of cIAP2 on NF‐κB activation in response to TNF‐α stimulation (20 ng/mL for 5 h). Compared with the NC/siRNA and untreated groups, the cIAP/siRNA‐1 and cIAP/siRNA‐2 groups exhibited lower relative luciferase activities (Fig. [4](#cas13236-fig-0004){ref-type="fig"}a). This result is reminiscent of the data suggesting that cIAP2 may participate in TNF‐α‐induced NF‐κB activation. Furthermore, in most cells, NF‐κB is bound to IκB in a latent, inactive state in the cytoplasm. When activated by various stimuli, IKK can phosphorylate either IκB protein (IκBα or IκBβ) and lead to their degradation by the ubiquitin proteosome. Then, NF‐κB heterodimers enter the nucleus to promote the transcription of target genes.[33](#cas13236-bib-0033){ref-type="ref"} We utilized this pathway to further determine the relevance of cIAP2‐induced NF‐κB activation during gallbladder tumorigenesis using western blotting. Cell groups were treated with TNF‐α (20 ng/ml for 5 h), and nuclear and cytosolic fractions were prepared and subjected to western blotting using an anti‐IκBα or anti‐NF‐κB (p65) antibody. As shown in Figure [4](#cas13236-fig-0004){ref-type="fig"}(b,c), in the cytoplasm fraction, the LV‐shcIAP2 group showed significantly increased IκBα and NF‐κB (p65) levels compared with the untreated and control groups. However, in the nuclear fraction, the NF‐κB (p65) levels were decreased in the LV‐shcIAP2 group compared with those in the untreated and control groups (Fig. [4](#cas13236-fig-0004){ref-type="fig"}d,e). The statistical analysis was based on three independent experiments.

![The impact of cIAP2 on NF‐κB activation in response to TNF‐α stimulation. (a) Knockdown of cIAP2 inhibited NF‐κB activity in gallbladder cancer (GBC) cells. NF‐κB promoter activity was measured using a dual‐luciferase reporter system. The data are expressed as the mean ± SD of three independent experiments. (b,c) In the cytoplasm protein lysates, NOZ and SGC‐996 cells transduced with LV‐shcIAP2 targeting cIAP2 showed significantly increased IκBα and p65 levels following TNF‐α stimulation with GAPDH as a protein marker. (d,e) In the nuclear protein lysates, NOZ and SGC‐996 cells transduced with LV‐shcIAP2 targeting cIAP2 showed significantly decreased p65 levels following TNF‐α stimulation with histone H3 as a protein marker.](CAS-108-1144-g004){#cas13236-fig-0004}

Knockdown of cIAP2 prevents p65 translocation from the cytosol into the nucleus {#cas13236-sec-0026}
-------------------------------------------------------------------------------

Another key event leading to NF‐κB activation is the translocation of the NF‐κB heterodimer into the nucleus. Therefore, we observed whether knockdown of cIAP2 could restrain NF‐κB (p65) subunit translocation in GBC cell lines in response to TNF‐α stimulation. As shown in Figure [5](#cas13236-fig-0005){ref-type="fig"}, the cIAP/siRNA‐1 and cIAP/siRNA‐2 groups of NOZ or SGC‐996 had markedly reduced p65 translocation from the cytosol into the nucleus. The observation supports the concept that cIAP2 plays a role in NF‐κB activation.

![Knockdown of cIAP2 inhibits p65 translocation from the cytosol into the nucleus. The different cell types were treated with TNF‐α (20 ng/mL) for 5 h. The translocation of NF‐κB (p65) was observed using a fluorescence microscope. Compared to untreated and NC/siRNA cells, cells transfected with either cIAP/siRNA‐1 or cIAP/siRNA‐2 showed markedly reduced p65 translocation from the cytosol into the nucleus.](CAS-108-1144-g005){#cas13236-fig-0005}

Knockdown of cIAP2 leads to VEGF‐C protein downregulation and decreases the concentration of VEGF‐C in cell culture media {#cas13236-sec-0027}
-------------------------------------------------------------------------------------------------------------------------

Expression of the lymphangiogenic factor VEGF‐C has been detected in many tumor types.[34](#cas13236-bib-0034){ref-type="ref"}, [35](#cas13236-bib-0035){ref-type="ref"} Interestingly, the above data indicate that a significant relationship exists between high cIAP2 levels and lymph node metastasis. One possible mechanism is that cIAP2 influences NF‐κB and thereby indirectly influences VEGF‐C levels. In support of this hypothesis, knockdown of cIAP2 significantly decreased VEGF‐C levels following TNF‐α stimulation **(**Fig. [6](#cas13236-fig-0006){ref-type="fig"}a,b), which strongly suggests a role for cIAP2 in controlling VEGF‐C expression. Furthermore, we used Quantikine ELISA to assess the concentration of VEGF‐C in the cell culture media. As shown in Figure [6](#cas13236-fig-0006){ref-type="fig"}(c), the concentration of VEGF‐C in the culture medium from the LV‐shcIAP2 group was lower than that in the untreated and LV‐shNC groups. To directly verify that the reduction of VEGF‐C secretion by knockdown of cIAP2 in GBC cells is the cause of decreased lymphangiogenesis, it would be important to determine whether the addition of VEGF‐C protein to the culture medium could rescue the induction of tube formation by cIAP2 knockdown cells. As shown in Figure [6](#cas13236-fig-0006){ref-type="fig"}(d,e), adding VEGF‐C protein (50 ng/mL, BioVision, USA) to the culture medium of the LV‐shcIAP2 group rescued the induction of tube formation.

![The impact of cIAP2 on VEGF‐C activation in response to TNF‐α stimulation (20 ng/mL). (a) Following TNF‐α stimulation, total protein lysates were prepared and subjected to western blotting with an anti‐VEGF‐C antibody. (b) Statistical results based on three independent experiments demonstrated that NOZ and SGC‐996 transduced with LV‐shcIAP2 showed significantly decreased VEGF‐C levels. (c) The concentration of VEGF‐C in the culture media from NOZ or SGC‐996 cells transduced with LV‐shcIAP2 was lower than that in the untreated and LV‐shNC groups. (d) Adding VEGF‐C protein (50 ng/mL) to the culture medium of the LV‐shcIAP2 group rescued the ability of tube formation induction. (e) Tube formation was observed using fluorescence microscopy, and the number of tubes was counted (\*\**P* \< 0.01).](CAS-108-1144-g006){#cas13236-fig-0006}

Knockdown of cIAP2 reduces lymphangiogenesis of gallbladder cancer *in vivo* {#cas13236-sec-0028}
----------------------------------------------------------------------------

To study the effect of cIAP2 on lymphangiogenesis *in vivo*, we established orthotopic xenograft models of GBC in nude mice that were inoculated with one of the six aforementioned cell types: NOZ or SGC‐996 cells transfected with LV‐shcIAP2, LV‐shNC or neither (untreated) (Fig. [7](#cas13236-fig-0007){ref-type="fig"}a,b). Lymph node metastasis was confirmed by H‐E staining (Fig. [7](#cas13236-fig-0007){ref-type="fig"}c); invasive tumor cells (indicated by black arrows) could be observed in the lymphoid follicles (indicated by white arrows). The lymphatic vessels of the tumors were observed by IHC using LYVE‐1 (a marker for novel lymphatic vessels). As shown in Figure [7](#cas13236-fig-0007){ref-type="fig"}(d--f), mice injected with NOZ or SGC‐996 cells expressing LV‐shcIAP2 showed a decreased lymphatic vessel number (LVN) in the orthotopic xenograft tumors. Moreover, the lymph node metastasis rates of orthotopic xenograft tumors were decreased in the LV‐shcIAP2 groups (Table [3](#cas13236-tbl-0003){ref-type="table-wrap"}).

![Knockdown of cIAP2 decreases lymphangiogenesis in an orthotopic xenograft model of gallbladder cancer (GBC). (a) After anesthesia and exposure of the gallbladder (white arrow), different cell types were injected into the gallbladder cavity. (b) Orthotopic xenograft model mice were successfully established. Lymph node metastases are indicated by black arrows, and the orthotopic gallbladder carcinoma is indicated by white arrows. (c) Lymph node metastasis was confirmed by H‐E staining (200×). Invasive tumor cells (black arrows) could be observed in the lymphoid follicles (white arrows). (d,e) Lymphatic vessels in the orthotopic xenograft tumors were detected by immunohistochemistry. The brown tubular structures (red arrows) are lymphatic vessels (400×). (e) Lymphatic vessel numbers of the orthotopic xenograft tumors. Knockdown of cIAP2 decreased the number of lymphatic vessels.](CAS-108-1144-g007){#cas13236-fig-0007}

###### 

Lymph node metastasis rate (LMR) and lymphatic vessel number (LVN) of orthotopic xenograft tumors in nude mice

               NOZ   SGC‐996                                                    
  ------------ ----- ---------------------------------------------------- ----- ----------------------------------------------------
  Untreated    4/6   12.00 ± 2.65                                         5/6   11.67 ± 3.06
  LV‐shNC      5/6   10.67 ± 1.53                                         5/6   11.67 ± 2.52
  LV‐shcIAP2   1/6   6.00 ± 1.00[a](#cas13236-note-0003){ref-type="fn"}   2/6   5.33 ± 1.23[a](#cas13236-note-0003){ref-type="fn"}

*P* \< 0.05.

John Wiley & Sons, Ltd

Discussion {#cas13236-sec-0029}
==========

Inhibition of apoptotic programming is a key factor in the progression of tumors towards malignancy. This process provides tumor cells the ability to survive and metastasize in harsh microenvironments.[36](#cas13236-bib-0036){ref-type="ref"} IAP are critical proteins that regulate apoptosis.[37](#cas13236-bib-0037){ref-type="ref"} Here, we found that cIAP2 expression was elevated in human GBC tissues and correlated with poor prognosis, which is consistent with the findings of Nagata *et al*.[15](#cas13236-bib-0015){ref-type="ref"} and Kempkensteffen *et al*.[38](#cas13236-bib-0038){ref-type="ref"} in oral squamous cell carcinoma and renal cell carcinoma, respectively. Our study also discovered a relationship between elevated cIAP2 levels and lymph node metastasis in GBC patients. The subsequent *in vitro* experiments showed that knockdown of cIAP2 could strongly decrease the malignant biological characteristics of human GBC cells, such as tumor cell proliferation, cell invasiveness and tube formation. Furthermore, we confirmed that these activities caused by cIAP2 activity functioned through the NF‐κB pathway in GBC. In addition, the *in vivo* experiments demonstrated that knockdown of cIAP2 reduced the lymphangiogenesis of GBC in a xenograft nude mouse model.

Inhibitor of apoptosis proteins are a family of proteins characterized by the presence of a BIR domain. There are eight known mammalian IAP: cIAP1 (cellular IAP1), cIAP2 (cellular IAP2), XIAP (X‐linked IAP), Survivin, NAIP (neuronal IAP), BRUCE (BIR containing ubiquitin conjugating enzyme), ML‐IAP (melanoma IAP) and hILP2 (IAP‐like protein 2).[7](#cas13236-bib-0007){ref-type="ref"} Earlier reports revealed that IAP prevent apoptosis by directly inhibiting caspases, which contributes to the development of chemoresistance in cancer cells.[4](#cas13236-bib-0004){ref-type="ref"} Recent studies have demonstrated that several IAP have E3 ligase activity and activate various signaling pathway; therefore, cIAP also affect tumor cell proliferation, invasion and metastasis.[5](#cas13236-bib-0005){ref-type="ref"}, [6](#cas13236-bib-0006){ref-type="ref"}, [7](#cas13236-bib-0007){ref-type="ref"}, [39](#cas13236-bib-0039){ref-type="ref"} However, the mechanism of this process is far from clear. cIAP2 is one of the most extensively characterized human IAP and has been shown to exhibit both pro‐migratory and anti‐migratory functions in various tumor cells.[8](#cas13236-bib-0008){ref-type="ref"}, [9](#cas13236-bib-0009){ref-type="ref"}, [10](#cas13236-bib-0010){ref-type="ref"} Based on these observations, determining the specific role of cIAP2 in GBC has become particularly important.

Some studies have focused on the relationship between cIAP2 expression levels and cancer. For example, in 2003, Dai *et al*.[14](#cas13236-bib-0014){ref-type="ref"} and Hasegawa *et al*.[16](#cas13236-bib-0016){ref-type="ref"} reported that cIAP2 is overexpressed in human lung cancer and neutrophils, respectively, and Nagata *et al*.[15](#cas13236-bib-0015){ref-type="ref"} reported parallel results in oral squamous cell carcinoma in 2011. The present study revealed similar results in GBC. In addition, we demonstrated that cIAP2 levels are an indicator of poor prognosis in patients with GBC. We showed that cIAP2 can influence the malignant biological characteristics of human GBC cells, which supports the notion that cIAP2 is an indicator of poor prognosis in GBC patients.

NF‐κB activation can directly promote tumor invasion and metastasis.[40](#cas13236-bib-0040){ref-type="ref"}, [41](#cas13236-bib-0041){ref-type="ref"} However, more recent publications have presented contradictory findings concerning the role of IAP in NF‐κB signaling. Some studies have demonstrated that overexpression of IAP can either directly activate or cooperate in the activation of NF‐κB signaling.[17](#cas13236-bib-0017){ref-type="ref"}, [18](#cas13236-bib-0018){ref-type="ref"} In contrast, other studies have cast doubt on this mechanism.[19](#cas13236-bib-0019){ref-type="ref"}, [20](#cas13236-bib-0020){ref-type="ref"} The novelty of our study resides in identifying the canonical NF‐κB pathway as a critical mediator of cIAP2‐promoted GBC invasion and lymphangiogenesis. This conclusion is supported by several independent lines of evidence. First, the dual‐luciferase reporter system demonstrated that cIAP2 knockdown could reduce TNF‐α‐induced NF‐κB activation (Fig. [4](#cas13236-fig-0004){ref-type="fig"}a). Second, cIAP2 knockdown restricted the nuclear translocation of the NF‐κB heterodimer (Fig. [4](#cas13236-fig-0004){ref-type="fig"}b,d and [5](#cas13236-fig-0005){ref-type="fig"}). Third, the levels of the NF‐κB target gene VEGF‐C were decreased upon cIAP2 knockdown (Fig. [6](#cas13236-fig-0006){ref-type="fig"}a,c). Together, these data underscore the critical role of canonical NF‐κB signaling in cIAP2‐promoted GBC invasion and lymphangiogenesis.

GBC is a type of malignancy that tends to metastasize to the lymph nodes during the early stages. Lymphangiogenesis is thought to be an important step in cancer lymph node metastasis.[42](#cas13236-bib-0042){ref-type="ref"}, [43](#cas13236-bib-0043){ref-type="ref"} Interestingly, when combined with clinical data, our results revealed a relationship between elevated cIAP2 levels and lymph node metastasis in GBC patients. This finding suggests that cIAP2 may be a lymphangiogenic factor and promotes lymph node metastasis in GBC, which should be given considerable attention. Our previous study confirmed that VEGF‐C is an important protein that promotes lymphangiogenesis;[34](#cas13236-bib-0034){ref-type="ref"} similar results have been observed in other types of cancer, including breast cancer[44](#cas13236-bib-0044){ref-type="ref"}, [45](#cas13236-bib-0045){ref-type="ref"} and melanoma.[46](#cas13236-bib-0046){ref-type="ref"} Here, our experimental results demonstrated that cIAP2 knockdown in GBC cells could decrease the tube formation ability of HDLEC. Therefore, we hypothesized that cIAP2 may influence the expression of VEGF‐C in GBC cells, and our results showed that cIAP2 could affect the expression level of VEGF‐C (Fig. [6](#cas13236-fig-0006){ref-type="fig"}a). In addition, we found that cIAP2 could influence VEGF‐C secretion from GBC cells based on the concentration of VEGF‐C in the supernatant of GBC media as determined by ELISA (Fig. [6](#cas13236-fig-0006){ref-type="fig"}c). Moreover, adding VEGF‐C protein to the culture medium of the LV‐shcIAP2 group rescued the induction of tube formation. Therefore, we posited that one mechanism by which cIAP2 promotes lymphangiogenesis in GBC is by regulating the expression and secretion of VEGF‐C.

To further bolster our *in vitro* conclusions, we conducted *in vivo* experiments using an animal model of GBC. We observed that silencing cIAP2 expression suppressed the number of lymphatic vessels in a metastatic lymph node (Fig. [7](#cas13236-fig-0007){ref-type="fig"}), which was consistent with our *in vitro* results.

Our study suggests that cIAP2 is highly expressed in human GBC and correlates with poor prognosis; furthermore, the results show that cIAP2 can promote GBC invasion and lymphangiogenesis by activating the NF‐κB pathway. These data indicate that cIAP2 may be a potential treatment target to prevent the invasion and lymphatic metastasis of GBC.
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